Introduction
Endothelin (ET) is a potent vasoconstrictor peptide that is generated via unique processing of a low activity precursor, big ET-1 by endothelin converting enzymes (ECEs). ET has a physiological role in the maintenance of basal tone in humans (Haynes & Webb, 1994; Haynes, 1995; Haynes et al., 1995) , but may also have a role in the pathophysiology of cardiovascular diseases, including atherosclerosis, coronary vasospasm and congestive heart disease (Kurihara et al., 1989; Bacon et al., 1996; Cohn, 1996) . The ET system is therefore a potential therapeutic target in the eective management of these diseases. There are two current strategies being pursued to attenuate adverse haemodynamic eects and the migration and proliferation of vascular smooth muscle cells by ET. These include the use of antagonists to receptors that mediate responses to ET and the use of selective inhibitors to ECE. The pathways involved in big ET-1 processing and ET transport are only now being elucidated and these ®ndings will be useful in predicting the characteristics of inhibitors that best suit inhibition of ECE. It will be important to determine whether ECE is expressed on the cell surface and/or intracellularly to decide whether inhibitors are required to penetrate the plasma membrane. This article reviews the secretory pathways involved in ET transport and the subcellular processing of big ET-1 by ECE.
ECEs are membrane-bound proteases with structural homology to neutral endopeptidase 24.11 (NEP) and Kell blood group protein (for review, see Opgenorth et al., 1992; Turner, 1993; Turner & Murphy, 1996) . The cDNA sequences of two converting enzymes, ECE-1 and ECE-2 have been reported (Schmidt et al., 1994; Emoto & Yanagisawa, 1995; Shimada et al., 1995; Valdenaire et al., 1995; Yorimitsu et al., 1995) . The enzymes, which have 59% overall homology, are membrane bound phosphoramidon-sensitive metalloproteases with speci®city for big ET-1. ECE-1 appears to be the predominant endothelin converting enzyme in humans (Emoto & Yanagisawa, 1995) . Two isoforms of ECE-1 (ECE-1a and ECE-1b) are encoded by a single gene and dier only in their cytoplasmic N-terminal domains. Studies on a soluble construct of ECE-1 (Korth et al., 1997) , and molecular modelling experiments (Sansom et al., 1995) reveal that the putative extracellular domain contains the catalytic site for ECE activity. A third converting enzyme, ECE-3 has recently been puri®ed from bovine iris microsomes (Hasegawa et al., 1998) and this enzyme has speci®city for big ET-3. With the exception of studies exploiting selective antisera, the precise identity of the enzyme catalyzing conversion of big ET in tissues in functional studies is not yet known and therefore is referred to as ECE activity.
ECE expression in the human vasculature
ECE is widely expressed in human blood vessel endothelium, including the cerebral, pulmonary, coronary, splanchnic, renal, forearm and adrenal vasculature (Ahlborg et al., 1994; Haynes, 1995; HemseÂ n et al., 1995; Plumpton et al., 1995; Saleh et al., 1997; Davenport et al., 1998a; Herman et al., 1998; Russell et al., 1998a,b) . ECE has also been identi®ed in endocardial cells lining the ventricles of the heart and in endothelial cells of foetal vasculature including umbilical veins and arteries (Moldovan et al., 1996; Davenport et al., 1998a; Russell et al., 1998c) . The pattern of ECE-like immunoreactive staining in human blood vessels corresponds to the distribution of ET and big ET (Bacon et al., 1996; Saleh et al., 1997; Russell et al., 1998d) . Interestingly, infusion of ET-1 into the dorsal hand vein produced marked vasoconstriction whereas infusion of big ET-1 had no eect , thus raising the possibility that endogenous big ET-1 is only processed by an intracellular enzyme in this vessel. In contrast to the high level of ECE that is expressed in human endothelial cells, only low to moderate levels of expression have been detected in adjacent intimal and medial vascular smooth muscle cells . Human umbilical vein smooth muscle cells synthesize and secrete immunoreactive ET-1 and ET-3 (Yu & Davenport, 1995) , indicating a possible physiological relevance of the smooth muscle converting enzyme.
Evidence for expression of an intracellular ECE
ECE expression is high in endothelial cells and processing of big ET-1 to ET-1 has been attributed to activity of a converting enzyme that is located on the plasma membrane and within intracellular compartments (Harrison et al., 1993; Xu et al., 1994; Corder et al., 1995) . Some studies indicate that ECE is predominantly expressed or has main activity as an ectoenzyme (Harrison et al., 1993; Waxman et al., 1994; Corder et al., 1995; Takahashi et al., 1995; Barnes et al., 1996) , and therefore acts mainly in a post-secretory processing role. When a homogenate prepared from a human endothelial hybrid cell line, EAHY 926, was sub-fractionated on a sucrose gradient the majority of ECE activity (60%) was associated with a plasma membrane enriched fraction (Waxman et al., 1994) . In contrast, other studies have suggested that ECE is either primarily expressed or has predominant activity within intracellular compartments (Gui et al., 1993; Xu et al., 1994; Davenport et al., 1998b; Russell et al., 1998c) . Immunocytochemical studies revealed only a low level of ECE-like immunoreactivity on the plasma membrane of cultured HUVECs and intense immunoreactive staining within intracellular organelles, determined by scanning electron microscopy, confocal laser scanning microscopy and immuno-electron microscopy (Russell et al., 1998c) . Biochemical studies showed predominant ECE activity in intracellular compartments by comparing big ET-1 processing in permeabilized and non-permeabilized HUVECs .
Pathways involved in peptide transport
Proteins are transported from the endoplasmic reticulum to the plasma membrane in human endothelial cells via two distinct secretory pathways; the constitutive pathway involving continuous release and the regulated pathway involving stimulated release. The constitutive secretory pathway is modulated at the level of mRNA transcription and has been proposed as the mechanism for ET release from porcine endothelial cells (Yanagisawa et al., 1988) . Although involvement of the regulated pathway in ET secretion was dismissed, based in part on a perceived lack of storage granules in endothelial cells (Yanagisawa et al., 1988) , early morphological studies had successfully identi®ed endothelial speci®c storage granules called Weibel-Palade bodies (Weibel & Palade, 1964) .
Basal ET release from endothelial cells is via the constitutive secretory pathway
Secretory and plasmalemmal proteins, proteoglycans and lysosomal enzymes follow a common pathway through the endoplasmic reticulum and Golgi complex (Farquhar, 1985) . The proteins are continuously shuttled from the trans-Golgi network to the cell surface in secretory vesicles via the constitutive secretory pathway. ET-like immunoreactivity has been detected in bovine aortic and human coronary artery endothelial cell secretory vesicles, indicating involvement of the constitutive pathway in peptide transport (Harrison et al., 1993; 1995; Russell et al., 1998d) . Indeed, the constitutive pathway may be involved in peptide processing since ECE and big ET-like immunoreactive staining was found to be colocalized in endothelial secretory vesicles (Barnes et al., 1998) . In vivo evidence suggest that endogenous synthesis, transport and release of ET contribute to maintenance of vascular tone in humans. Forearm vasodilatation, measured by increased blood¯ow, was observed when either phosphoramidon or the ET A selective antagonist BQ123 was infused into the brachial artery of healthy subjects (Haynes & Webb, 1994) .
Evidence for a role of the regulated secretory pathway in ET transport
Weibel-Palade bodies store vasoactive compounds including histamine, von Willebrand factor, P-selectin and calcitonin gene-related peptide (Fujimoto et al., 1982; Wagner et al., 1982; McEver et al., 1989; Doi et al., 1995; Ozaka et al., 1997) . These granules are also a repository for ET in rat (Doi et al., 1996; Ozaka et al., 1997) , rabbit (Sakamoto et al., 1993) , and human endothelial cells (Hamasaki et al., 1995; Russell et al., 1998d) . Endothelial storage granules that are distinct from Weibel-Palade bodies were identi®ed as storage sites for tissuetype plasminogen activator (Emeis et al., 1997) . However, these granules are unlikely to be involved in storage of ET since, unlike ET, tissue-type plasminogen activator does not co-localize with von Willebrand factor. Similarly, the soluble protein multimerin which was identi®ed in round to rodshaped, dense core granules resembling Weibel-Palade bodies did not co-localize with the Weibel-Palade body proteins von Willebrand factor or P-selectin (Hayward et al., 1998) .
Peptides and proteins may contain signalling motifs that serve as important determinants for dierential packaging at the trans-Golgi network. For example, the cytoplasmic and transmembrane domains of the integral membrane glycoprotein, P-selectin enhance the eciency of endothelial storage graunule targeting (Fleming et al., 1998) . Factor VIII is a coagulation protein that does not appear to possess signalling motifs for mobilization to the regulated pathway. However, when Factor VIII was co-transfected with von Willebrand factor in AtT-20 cells it displayed altered intracellular tracking from a constitutive to a regulated secretory pathway (Rosenberg et al., 1998) . This suggests that proteins containing signalling motifs, such as von Willebrand factor, may chaperone other proteins that lack such structural determinants. It is not known whether big ET-1 contains signalling motifs that confer granular targeting. The localization of big ET-1 like immunoreactivity in Weibel-Palade bodies (Russell et al., 1998c) and secretory vesicles (Harrison et al., 1995) suggest that the peptide has no sorting domain. Mobilization of big ET-1 into secretory vesicles and granules may involve passive bulk¯ow in which the amount of peptide entering each pathway is determined by internal volume of the vesicle or granule and the number of the compartments formed per unit time (Kelly, 1985) .
We have recently proposed that endothelial cell storage granules are an important site in the processing of big ET-1 to the mature peptide (Russell et al., 1998c,d) . Antisera raised against big ET-1 and the isoforms of ECE-1 (ECE-1a and ECE-1b) were found to co-localize with von Willebrand factor in round to rod-shaped structures located beneath the plasma membrane (Figure 1 ). ECE activity that was sensitive to phosphoramidon and the ECE-1 selective inhibitor, PD159790 (Ahn et al., 1998) but insensitive to thiorphan was identi®ed in subcellular sucrose fractions of HUVECs prepared by gradient centrifugation (unpublished ®ndings). 5'-Nucleotidase activity, a marker for the plasma membrane, was identi®ed in several fractions containing ECE activity, consistent with expression of ECE on the cell surface. However, high density fractions that contained only low levels of 5'-nucleotidase activity contained ECE activity and the storage granule glycoprotein, von Willebrand factor thus presenting the possibility that an active converting enzyme is expressed in the endothelial granules.
Several in vivo ®ndings indicate that physiological or pathophysiological stimuli can lead to release of ET via the regulated secretory pathway. For example, high plasma ET levels were measured in a patient during the early phase of treatment for accidental hypothermia induced by cold water immersion (Yoshitomi et al., 1998) . This type of stimulus has been proposed to mediate release of ET from endothelial cell storage granules. When healthy volunteers were subjected to a cold pressor test in which the forearm was immersed in ice water, an increase in venous plasma ET concentration was detected within 2 min (Fyhrquist et al., 1990) . The detection of ET was too rapid to indicate de novo synthesis of the peptide and suggests release from intracellular stores.
Other mechanical and chemical stimuli mediate degranulation of Weibel-Palade bodies. Mechanical stretch applied to cultured bovine aortic endothelial cells produced rapid release of ET into the culture medium (420 min) (Macarthur et al., 1994) . The calcium ionophore A23187, which elevates [Ca 2+ ] i , also mediated release of von Willebrand factor (Loesberg et al., 1983; Sporn et al., 1989) and ET (Russell et al., 1998c ) from cultured HUVECs. Phorbol 12-myristate 13-acetate mediates degranulation by activation of protein kinase C and it is speculated that other as yet uncharacterized signal-transduction mechanisms may be important for full induction of the regulated secretory pathway by agonists such as histamine and thrombin (Carew et al., 1992) .
Physiological and pathophysiological implications of dual transport pathways for ET
Identi®cation of a dual secretory pathway for release of ET-1 is a recent and novel ®nding, not previously reported for a vasoactive peptide (Figure 2 ). Dual transport pathways have been described for other proteins, including von Willebrand factor and tissue-type plasminogen activator in endothelial cells and adrenocorticotropic hormone (ACTH) in pituitary tumor cells (Gumbiner & Kelly, 1982; Sporn et al., 1986; Mayadas et al., 1989; Emeis et al., 1997) . ACTH precursor and all multimeric forms of von Willebrand factor are released constitutively whilst only mature ACTH and von Willebrand factor are released following an appropriate stimulus (Gumbiner & Kelly, 1982; Sporn et al., 1986; Mayadas et al., 1989) .
Several studies have examined the polarity of secretion of proteins from endothelial cells. Whereas constitutive release of von Willebrand factor from HUVECs is reportedly nonpolarized, 90% of the glycoprotein secreted by the regulated pathway is toward the basolateral membrane (Sporn et al., 1989) . Other studies show that the constitutive pathway may be polarized with the majority of ET-1 produced in HUVECs and porcine cerebral microvessel endothelia released from the basolateral membrane (Yoshimoto et al., 1991; Wagner et al., 1992) . Directional secretion of ET-1 to the smooth muscle layer is consistent with the hypothesis that the peptide modulates vasomotor tone through local paracrine rather than humoral systemic eects. An additional autocrine eect is involved in ET-1 mediated vasodilatation. Activation of endothelial ET B receptors by ET-1 mediates synthesis of nitric oxide which in turn stimulates guanylate cyclase in the smooth muscle leading to relaxation. Under normal physiological conditions endothelin and nitric oxide are constitutively released by the endothelium and provide a balance between vasoconstrictor and vasodilator activity. However, vascular injury can compromise endothelial cell integrity and cause reduced nitric oxide synthesis and over production of ET-1. Release of ET and von Willebrand factor (Ewenstein et al., 1987) via the regulated secretory pathway may provide an initial haemostatic response to vascular endothelial cell damage.
Novel ECE inhibitors
Intracellular ECE activity amounts to 85% of total activity in endothelial cells which leads us to propose that an eective therapeutic inhibitor of the enzyme must ®rst penetrate the plasma membrane. Although phosphoramidon is a valuable tool that enables examination of ECE activity, the compound is non-selective, eciently blocking NEP activity. ECE and NEP activity can be Figure 2 Schematic model of ET-1 transport in the human coronary artery. In this model, it is proposed that two distinct exocytic pathways are involved in the transport of ET-1 to the cell surface. ET-1 is stored in Weibel-Palade bodies with other vasoactive compounds and is released at the cell surface following an appropriate stimulus. ET-1 is also sorted into secretory vesicles and continuously released by a cyclic AMP independent constitutive pathway. It is proposed that a small amount of ET-1 is released luminally from this pathway, binding to ET B receptors on the endothelial cells to indirectly release vasodilators. However, most ET-1 is released (480%) from the abluminal surface where it can activate the vasoconstrictor ET A receptors that predominate on human vascular smooth muscle cells. It is hypothesized that this continuous release via the constitutive pathway contributes to the maintenance of normal physiological tone. dierentiated by comparing the eects of phosphoramidon with the NEP selective inhibitor, thiorphan.
CGS 26303 and CGS 31447 are non-peptide ECE inhibitors that have IC 50 values of 1.1 mM and 17 nM, respectively for ECE-1 inhibition (De Lombaert et al., 1994; . However, neither compound is selective for ECE-1 with IC 50 values of 0.9 and 4.8 nM, respectively, for inhibition of NEP. In a rabbit model of subarachnoid haemorrhage, administration of CGS 26303 both prevented and reversed cerebral vasospasm (Kwan et al., 1997) , thus indicating the therapeutic potential of ECE inhibitors. SCH 54470 is an orally active triple inhibitor of ECE, NEP and the angiotensin converting enzyme, with IC 50 values of 80, 90 and 2.5 nM, respectively (Vemulapalli et al., 1997) . This inhibitor reduced ischaemia induced ET release in isolated perfused guinea-pig lungs, indicating inhibition of endogenous converting enzyme activity. The therapeutic bene®t of non-selective inhibitors of ECE and NEP awaits further investigation. Whilst inhibition of NEP may be bene®cial in reducing degradation of atrial natriuretic peptide, an endogenous vasodilator, its inhibition has been shown to cause vasoconstriction of human resistance vessels in vivo (Ferro et al., 1998) . This latter eect is presumably a result of decreased ET degradation since NEP is highly ecient at cleaving the mature peptide at Asp 18 -Ile 19 to produce inactive fragments (Sokolovsky et al., 1990) .
A number of ECE inhibitors that are derived from natural products have been reported with varying degrees of selectivity for ECE (Table 1) . WS75624A and WS75624B are ECE inhibitors isolated from the fermentation broth of Saccharothrix sp. (Tsurumi et al., 1995a) . The compounds have similar inhibitory characteristics against selected metalloproteases with 30 ± 40 fold selectivity for ECE (IC 50 =0.03 mg ml
71
) over collagenase (IC 50 =1.0 mg ml
) and NEP (IC 50 =1.25 mg ml 71 ). WS79089B, isolated from the culture broth of Streptosporangium roseum (Tsurumi et al., 1995b) , has a higher reported selectivity for ECE (IC 50 =0.14 mM) over collagenase and NEP (no inhibition at 50 mM). The sodium salt of this compound, FR901533 was eective in inhibiting the pressor eect of big ET-1 when administered intravenously in rats (Tsurumi et al., 1995b) . This compound was also protective against the development of right ventricular overload and medial thickening of pulmonary arteries in rats with monocrotaline-induced pulmonary hypertension (Takahashi et al., 1998) .
A series of arylacetylene-containing compounds also display selectivity for the inhibition of ECE over NEP (Wallace et al., 1998) . An arylacetylene amino phosphonate dipeptide was found to inhibit ECE and NEP with IC 50 values of 28 nM and 6.3 mM, respectively (225 fold selectivity for ECE over NEP). Greater selectivity (725 fold) was obtained with a tripeptide derivative, with IC 50 values of 8 nM and 5.8 mM for the inhibition of ECE and NEP, respectively. Pretreatment of rats with these compounds inhibited increased mean arterial pressure produced by intravenous bolus injection of big ET-1. PD069185, a trisubstituted quinazoline, is the ®rst ECE-1 selective inhibitor to be reported (IC 50 =0.9 mM). This compound has no eect on ECE-2 at a concentration of 100 mM and only marginal eects on NEP, stromelysin, gelatinase A, collegenase, interleukin-1b converting enzyme and thrombin at 100 ± 300 mM (Ahn et al., 1998) . Replacement of the 7CCl 3 group of PD069185 with 7CF 3 (PD159790) increased solubility without aecting selectivity. In biochemical experiments, 100 mM PD159790 eectively abolished conversion of big ET-1 to ET-1 in HUVEC cultures (Russell et al., 1998e) . Although PD069185 was slightly more potent than PD159790 in inhibiting ET-1 production by cocultures of CHO/ECE-1 and CHO/prepro-ET-1 cells (EC 50 =3.8 and 11.5 mM, respectively), the latter compound was less toxic (Ahn et al., 1998) . The cellular toxicity concentration for PD069185 was TC 50 =56 mM whereas no toxicity was observed at concentrations up to 100 mM for PD159790.
Do other ECEs exist?
Although ECE-1 appears to be the predominant endothelin converting enzyme in mammalian tissues, recent studies indicate that other ECEs may also have a physiological role in big ET processing. Future studies will need to identify converting enzymes involved in processing of the big ET isoforms and to determine their cell surface or intracellular localization.
Recently, Schweizer et al. (1997) proposed three isoforms of ECE-1 encoded by the same gene. The isoform designated as ECE-1a has an identical sequence to ECE-1b (Valdenaire et al., 1995; Schweizer et al., 1997) . The isoforms designated ECE-1b and ECE-1c have an identical sequence to ECE-1a except that the N-terminus is predicted to be extended by an additional 17 and 1 amino acids, respectively in each isoform. The functional importance of the dierent isoforms is presently unclear since all three enzymes expressed in CHO cells have similar kinetic rate constants for processing of big ET precursors to the corresponding mature peptides. However, ELISAs using antisera directed to the N-terminus of ECE-1a/ECE-c indicate that this isoform predominates in human tissue compared with ECE-1b/ECE-1a (Mockridge et al., 1998) .
Targeted null mutation in the mouse ECE-1 gene produces embryos that exhibit marked craniofacial and cardiac defects as well as an absence of epidermal melanocytes and enteric neurons of the distal gut (Yanagisawa et al., 1998) . Surprisingly, high levels of mature ET peptide were detectable in the homozygous ECE-1 knockout embryos, leading the authors to speculate that a further non-ECE-1 protease is expressed, for example ECE-2 (Yanagisawa et al., 1998) . It has 0.14 mM 0.9 mM ± 8 ± 28 nM (Tsurumi et al., 1995a) (Tsurumi et al., 1995b) (Ahn et al., 1998) ( Wallace et al., 1998) ±, value not reported.
Secretory pathways in endothelin synthesis
been postulated that ECE-2, which has optimal activity at pH=5.5, may have a role in processing big ET-1 in the transGolgi network where the vesicular¯uid is acidi®ed (Emoto & Yanagisawa, 1995) . It remains to be determined whether converting enzymes with acidic pH optimum, such as ECE-2 have a pathogenic role in diseases in which cellular pH is reduced, for example ischaemic heart disease. Hearts subjected to global ischaemia show lactate accumulation with concomitant intracellular acidosis (intracellular pH=5.8; Docherty et al., 1997) , and a correlation between myocardial ischaemia and increased plasma levels of ET is now well established (Tonnessen et al., 1993; Cohn, 1996) .
ET-3 has been detected in human plasma but the eciency of cloned ECE-1 to convert big ET-3 to the mature peptide is usually low or not detectable. Several ®ndings have indicated the possible existence of another converting enzyme in neuronal cells. These cells lack detectable levels of ECE-1 mRNA (Xu et al., 1994) , but produce ET-3 (Shinmi et al., 1989; Fuxe et al., 1991) suggesting the existence of a big ET-3 speci®c converting enzyme. Interestingly, a novel endothelin converting enzyme (ECE-3) was puri®ed by SDS ± PAGE from bovine iris microsomes that has speci®city for big ET-3 (Hasegawa et al., 1998) . This enzyme contrasts to ECE-1 and ECE-2, both of which have speci®city for big ET-1 and big ET-2, and may potentially modulate ET-3 production in the nerve terminals.
ECE expressed on endothelial cells may also dier to ECE expressed on vascular smooth muscle cells. Whilst endothelial ECE has been found to have speci®city for big ET-1 (Plumpton et al., 1996; Davenport et al., 1998b) , smooth muscle ECE is capable of processing big ET-1, big ET-2 and big ET-3 (Tsukahara et al., 1993; Maguire et al., 1997; Davenport et al., 1998b) . The physiological role of this and other novel putative converting enzymes on regulation of ET production remains to be determined.
In conclusion, evidence is emerging within endothelial cells for the continuous release of ET via the constitutive pathway for maintenance of normal vascular tone. In addition, further release of ET, possibly in high concentrations via the regulated pathway, may be involved in responses to vascular injury. Intracellular ECEs present within the secretory pathways are therefore potential therapeutic targets for diseases in which ET has been implicated. This work was supported by grants from the British Heart Foundation, Isaac Newton Trust, and the Royal Society.
